Because of higher stiffness, continuous steel beam bridges are usually free of flutter but are apt to vortex-induced vibration (VIV) due to low damping. Although vortex-induced vibration is a kind of limited amplitude response, and may occur at low wind speed. It may bring discomfort and fatigue, even endanger the bridge. In this paper, based on the large scale aeroelastic model wind tunnel testing, vortex-induced vibration of a continuous steel beam bridge was studied under uniform oncoming flow. In order to mitigate excessive amplitude of vortex-induced vibration, a kind of guide vane installed at both sides of the banister is investigated. The wind tunnel test also examines the role of additional damping in mitigating vortex-induced vibration.
Introduction
As it is known, vortex-induced vibration is excited by periodical vortex shedding from the sides and the tail of a bluff body when the flow passes. Usually the amplitude of vibration is limited. However it often occurs at low wind speed. Compared to suspension bridge or cable stayed bridge, continuous steel beam bridge is not to be prone to vortex-induced vibration. But with the span increasing, the structure gets more flexible, the damping ratio will decrease, it is apt to vortex-induced vibration. In fact, it is reported that vortex-induced vibration was actually observed on Rio-Niteroi Bridge in Brazil, Trans-Tokyo Bay Bridge in Japan, west approach Bridge of Great Belt East Bridge in Denmark, and Volga River continuous beam Bridge in Russia at the frequent wind speed. The vortex-induced vibration are often critical in the safety and serviceability of long-span bridge. In this paper, non-channel spans of Hongkong-Zhuhai-Macau (HZM) Bridge are taken as an example. This is a main part of the HongKong-ZhuHai-Marco Link Project, which is located at Ling-Ding-Yang Ocean. It stretches from Zhuhai and Marco at west to Hong Kong at east. The general views of the projection are showed in Figure 1 .
It is thought that the wind flow on the bridge would not be highly turbulent. For this reason, the tests employed uniform flow. The design wind at average level is up to 57.3m/s, which is defined as the yearly maximum mean wind speed averaged within 10 minutes for a recurrence period of 120 years. And the prevailing wind speed is more than 20m/s. The standard layout of the bridge is composed of six spans steel box girder structure (110m×6). The main girder is a uniform steel box girder, and the cross-section of main girder are shown in Figure 2 . Aeroelastic model that can realistically simulate the dynamic characteristics of the structure and more accurately reflect the dynamic interaction of the structure with air is mainly used to measure the structure aeroelastic response. According to the similarity theory of aerodynamics, aeroelastic model tests is not only requirements of the model and the prototype geometrically similar and large airflow field similarity, but also requires its and prototype dynamic characteristics similarity.
By most of long-span bridges, wind tunnel testing is performed prior to design and consequently various control means are implemented when necessary. The tests are conducted at XNJD-3 wind tunnel in Southwest Jiaotong University. Outside view of the wind tunnel is shown in Figure 3 . The geometric scale of aeroelastic model is 1:70. The wind tunnel in large size (H×W×L: 4.5m×22.5m×36m) can accommodated and yields blockage rate less than 1.5%. 
Aeroelastic model and wind tunnel testing
According to the similarity theory of aerodynamics, aeroelastic model tests is not only requirements of the model and the prototype geometrically similar and large airflow field similarity, but also requires its and prototype dynamic characteristics similarity. It is almost impossible to meet the viscosity parameter (Reynolds number) consistency condition under atmospheric pressure in the atmospheric boundary layer wind tunnel. For the blunt terms such as bridge structure, due to the almost constant of air flow separation point, the difference of the Reynolds number is not significantly impact the flow pattern between model and prototype similarity, so ignoring the Reynolds number similarity will not bring significant errors to the test results. According to the principle of the model and prototype power, the main beam, mainly simulate the vertical and lateral bending stiffness of the bridge, and the piers, simulate along the bridge and the bending stiffness of the cross-bridge and simulate the aerodynamic shape of railings and check the car track. Aeroelastic model scale ratio is shown in Table 1 .
The structural dynamic analysis is the basis of wind-induced vibration analysis. The mode parameters including natural frequencies and mode shapes can be obtained through structure dynamic analysis. Structure dynamic analysis is performed by using Finite Element Method (FEM) for the bridge. The calculated vibration mode shapes and natural frequencies are given in Column 2 and 3 Table 2 .
The model is designed and manufactured by employing the conventional aeroelastic model technology. Thus the structural stiffness is provided by a metal spine assembly, the external shape is provided by cladding elements, and mass is provided by lumping complimentary ballast elements in the cladding structure. The aerodynamic shape of the main beam is produced by the hard cover plastic plate. Beam segment is divided and produced completely by scale ratio 1:70 of every segment of real bridge .There was 1mm gap between two sections to eliminate the impact of the beam segment on model stiffness. The lead counterweight was placed inside of the beam segment so that the quality of the main beam reached similarity requirements. There has a hard pad, and is rigidly connected together by a bolt between the outer mold and the core beam. Railings and rails are produced in accordance with the drawings and the proportion scale to simulation shape. The bending stiffness of the pier was offered by the core beam made of A3 steel and the core beam cross section was rectangular, made the pier to meet similarity relationship to both bending stiffness along the bridge and cross-bridge. Lead counterweight is used to adjust the quality of each segment and meet the similar requirements. The completed photos are shown in Figure 4 . Non-contact laser displacement sensor adopts ILD1401-200 type that produced by Germany meters iridium test technology corporation (as shown in Figure 5 ), and its range is 200 mm, static test accuracy 40 m, the sampling frequency 1 kHz. Actual measurement, amplitude modulation of each channel signal by a tape recorder, the A / D board is converted to the digital signals into the computer, and then by the random signal analysis computer system conduct signal monitoring, data acquisition, and real-time processing.
Tab.1 The model parameters scale rate Before the commencement of wind tunnel tests, it is necessary to verify the dynamic characteristics of the model. The modal damping in the model was obtained by free vibration after resonant motion generated by an exciter and the values are given in Column 4 and 6 Table 2 .
Based on "Wind-resistant Design Specification for Highway Bridge" (hereinafter referred to as Chinese Code) , c h is the amplitude in m determined by the following formula.
[ ] 
Wind tunnel testing results
The purpose of aeroelastic model wind tunnel tests is in the conditions of dynamic characteristics of comprehensive simulation of the structure and the three-dimensional flow characteristics to examine the bridge wind-induced vibration characteristics. Because the vortex-induced vibration occurs relatively small wind speed and the wind speed range locked vortex vibration is limited, in order to get closer to the real bridge wind and amplitude locked vortex vibration, should need by means of a large-scale model wind tunnel tests, as well as smaller wind speed ratio to examine the vortex-induced vibration performance of main beam of the completed and erection stage under the higher Reynolds number.
The objective of the tests is to find the critical wind speed of vortex-induced vibration, determine the Strouhal number (S t ) of the bridge and assess preliminarily the property of vortex-induced vibration of the girder. S t is proportional to the reciprocal of vortex spacing expressed as no. of obstacle diameters and is used in Van Karman vortex streets. It is normally defined in the following form :
Where f is frequency in Hz, D is the Characteristic dimension in m, U is the wind speed in m/s.
The aeroelastic model was tested at attack angles ( ) 0° and +3°. Test of angle of +3° uses the program of padding slope board on the ground which design slope angle of 6 ° to meet the model deck near +3° wind angle of attack according to the fluid numerical calculation, from the slope plate leading edge to the deck center is 1.16m, slope length is 2.4m. For the bridge, the vortex-induced vertical flexural vibration was clearly observed at attack angle 0° and +3°. The amplitudes versus wind speeds are shown in Figure 6 and Figure 7 . The results of the tests are summarized below. 1. vortex-induced vibration of the first to fourth modes occurred below the design wind velocity. 2. The galloping was not observed in these tests. 3. The S t of all the first to fourth modes is about 0.12. Note that D is the bridge depth (girder depth=4.5m).
Vibration mitigation
From these results that the vortex-induced vibration amplitudes exceed the ones prescribed in Chinese Code. Consequently it is necessary to mitigate the vortex-induced vibration by aerodynamic measures or mechanical measures, such as tuned mass damper (TMD).
Aerodynamic measures
In order to decrease the amplitude of vortex-induced vibration, a kind of guide vane, which was installed on both sides of the banister, was investigated by wind tunnel testing and is shown in Figure 8 . While this kind of guide vane installed, the vibration is dramatically decreased.
Fig. 8 The guide vane

Mechanical measures (TMD)
In order to find control damping of suppressing the vortex vibration, we conduct the vortex vibration test of the full-bridge aeroelastic model with increasing the vertical damping ratio of the main beam. In order to monitor the increase of damping, four oil dampers that can be tuned were designed and fixed on the center of the 2nd, 3rd, 4th, 5th span, which can be valid for all the four orders. Testing results are shown in Table 2 .
The results show that, for the completed state, it increases vertical damping of main beam in the oil damper and wind angle of attack to +3 ° test results after increasing the damping is shown in Table 3 . Continue to increase the damping to the damping ratio 1.7%, it does not occur vertical vortex vibration in the design wind speed range. The important factors to consider in deciding on a method of controlling the vortex-induced vibration of this bridge were estimation of vibration amplitude, determination of an allowable amplitude, and selection of a vibration control method. Selection of the allowable vibration amplitude in the bridge was made considering three limit states, namely, for the serviceability, fatigue, and yielding of box girder.
Tab.3 Additional damping for vortex-induced vibration mitigation
The guide vane has been installed. As a result, the drag coefficient has increased 20% by wind tunnel testing. On the whole, it will not affect structure strength as well as safety of the box girder and fundamental. In contrast, the wind loads on the guide vane is larger. Such large loads may well give a negative effect on safety of its supporting, namely banister.
Which means, as an aerodynamic control, even though the guide vane can suppress the vortex-induced vibration, it has also its own limits.
Tuned mass damper
Generally in these bridges on highways are closed whenever the 10-min mean wind velocity exceeds 25 m/s. If vortex-induced vibration occurs below this wind velocity, it is necessary to consider the effects of such vibration on drivers of vehicles. But the onset wind velocity of the first mode vibration was estimated to be over 25m/s. Taking into account, it need not to completely suppress the vortex-induced vibration. The main purpose of damping is to reduce the amplitude of vortex-induced vibration and prevent structural vibration appearing the larger vortex internal force and fatigue problems caused by vortex-induced vibration. The allowable amplitude was determined to be about 50 mm, 46mm, 39mm, and 32mm of each order below the design wind velocity. To meet this requirement, it was designed to install four TMDs, at the center of the four spans.
The tuned mass dampers can be designed to be accommodated inside the box girder. In determining the TMD parameters, the girder damping was assumed to be 0.3% for both modes. Based on these results, the target damping of the bridge TMD system was set to be 1.0% for all the modes.
The mass of TMD usually take 0.5% to 1% of the generalized mass of models. The TMD can achieve the effect of vibration suppression at the different damping ratio (damping rate and the equivalent damping ratio). In order to select the appropriate damper, need to consider the damping rate. This is the magnitude of amplitude decreases after installing TMD. (Amplitude before installing TMD Amplitude after installing TMD/Amplitude before installing TMD).
It is not conducive to the installation and commissioning if the damping ratio of TMD adopts the optimum damping ratio (the measure of the damping rate is optimal) or TMD stroke more large. Taken TMD damping ratio is 5%, the TMD stroke relatively short, but still relatively large. Therefore, we try to choose TMD with the relatively high damping ratio actually. The current damping ratio of TMD was about 10%. Taking into account the cost, we can choose the TMD mass of 20 T ~ 40 T, although the damping rate is not higher than 80 T, the amplitude of the bridge is less than 20% of uninstalling TMD, ensure that the equivalent damping ratio of the structure increased to more 1.0%.
When TMD takes the same damping ratio, the control efficiency and equivalent damping ratio with TMD mass increased ,control efficiency increase, while TMD stroke ratio does not change significantly. Control efficiency and equivalent damping ratio decreases significantly with the damping ratio of TMD increased when TMD damping ratio is higher than the optimal damping ratio and TMD takes the same mass, while TMD stroke ratio decreases significantly. When the TMD frequency ratio and damping ratio are optimal, the control efficiency and equivalent damping ratio of TMD are the maximum, but the TMD stroke ratio is the minimum.
Conclusions
According to the wind tunnel testing of non-channel spans of Hongkong-Zhuhai-Macau Bridge, which is six spans steel box girder structure, following conclusions can be made.
(1) The Strouhal Number of the box girder is about 0.12. The bridge is a cross-sea bridge. It is thought that the wind flow on the bridge would not be highly turbulent. It is important and necessary to conduct vortex-induced vibration research and design.
(2) In order to mitigate the vortex-induced vibration, guide vane and additional damping are applied. The former measure can suppress vortex-induced vibration. The later can improve the vortex-induced vibration performance. When damping ratio is more than 1.0%, vortex-induced vibration of the bridge satisfies the Chinese Code.
